ABSTRACT: In this study, we confirm the relationship between temperature and Synechococcus sp. experimental growth rates (r = 0.87, p < 0.005) and provide evidence of the existence of a general relationship. This link leads to a strong seasonality of abundance and biomass of Synechococcus sp. in the Bay of Blanes (NW Mediterranean), which was followed for 2 yr (1995, 1996), with high values in summer months (6 X 10' cells I-') and low values in winter (5 X 105 cells I-'). The growth rate achieved in summer months (1.5 d-') IS close to or at the maximum possible at the in situ water temperature. As a result, Synechococcus growth may exceed the grazing capacity of its predators in summer, and this explains its significant contribution of >30%, of the total gross autotrophic production and >20% of the total autotroph~c blomass in summer Thus, Sj~nechococcus is an important source of organic C and nutrients for the coastal Mediterranean food web in the summer.
INTRODUCTION
Picocyanobactena (Synechococcus sp.) are important contributors to primary production in the ocean, particularly in warm, nutrient-poor waters (Stockner & Antia 1986 , Stockner 1988 . This suggests that the contribution of cyanobacteria in temperate seas should be most important in the summer, when water temperature is highest and the seasonal thermocline limits the supply of nutrients to the upper layer. Although Synechococcus growth rate is expected to be higher in the summer, its abundance may not show a similar trend, because Synechococcus is heavily grazed by protists (Kuosa 1991 , Mura et al. 1996b , Agawin & Agusti 1997 . These grazers may effectively remove the entire daily production of Synechococcus (Agawin & Agusti 1997) , thereby maintaining a uniform abundance. The hypothesis that Synechococcus growth and abundance should be higher in summer requires the investigation of the seasonality. Unfortunately, coherent investigations of the seasonality in the abundance and growth of Synechococcus in temperate waters are scarce, although available information suggests that its abundance is closely related to annual cycles of water temperature, having the maximum values in mid summer (Krempin & Sullivan 1981 , Waterbury et al. 1986 , Modigh et al. 1996 . In addition, available information also suggests a temperature-dependence of production rates and of the relative contribution of Synechococcus to total phytoplankton biomass (i.e. high values in summer) in temperate waters (Joint 1986 , Modigh et al. 1996 .
Here w e examine the seasonality in the abundance and growth rate of Synechococcus sp. in the Bay of Blanes (NE Spain) to test the hypothesized correlation between temperature and growth rate. We then test whether changes in growth rate result in differences in abundance and the relative contribution of Synechococcus to planktonic autotrophic biomass This Mediterranean Bay is particularly well suited for this test because its waters experience a broad temperature range (11 to 26OC) throughout the year, being warm and nutrient-poor in the summer and cold and Mar Ecol Prog Ser nutrient-enriched in winter (Cebrian et al. 1996) . Available information suggests that Synechococcus reaches maximum abundance in the summer in Blanes Bay (Mura et al. 1996a) , indicating that it can contribute significantly to total phytoplankton production. However, protist grazers appear to be able to remove most of its production (Mura et al. 1996b ).
METHODS
The study was conducted in the Bay of Blanes, NW Mediterranean Sea (41" 39.90' N, 2" 48.03' E) from January 1995 to January 1997. The shallow waters of the Bay of Blanes are vertically mjxed and receive little freshwater input during most of the year, except for irregular freshwater pulses during storms (Cebrian et al. 1996) . Salinity ranges between 37 and 38Ym and is remarkably uniform over the year, except when oceanic water intrusion or pulses of freshwater discharge occur. Temperature ranges from 11°C (late January to March) to 26'C (August to September) (cf. Cebrian et al. 1996) . Phosphate and nitrate levels are generally low in summer (concentrations below 0.15 and 0.3 PM, respectively), and phytoplankton net community production is low th.roughout the year except during blooms occurring in late winter when net community production reaches 0.02 mg O2 1-I h-' (Satta et al. 1996) . Phytoplankton biomass in Blanes Bay reaches maximum values in February to March (late winter bloom) when the community is dominated by centric diatoms (Mura et al. 1996a) .
Sampling was conducted at weekly intervals from subsurface waters (0.5 to 1 m) at a fixed coastal station (of about 20 m deep). Weekly samples were collected in the morning (from 08:OO to 14:00 h) and each time the temperature of the water sampled (t 0 1°C) was immediately recorded with a thermometer. A volume of seawater was collected by grab sampling and 250 m1 was preserved wlth glutaraldehyde (to 1 % final concentration) for microscopic examination of phytoplankton. From this volume, a subsample of 25 m1 (in summer months when abundance is high.) to 60 m1 (in winter months when abundance is low) was filtered at low pressure (1 to 2 cm Hg) through 0.20 pm black Nuclepore filters for enumeration of cyanobacteria. The filter was then mounted on a glass slide over a drop of Zeiss immersion oil and kept frozen until examination under epifluorescence microscopy. Cyanobacteria of the phycoerythrin-rich genus Synechococcus emit a yellow-orange fluorescence when excited with light at 560 to 570 nm (blue region). The number of Synechococcus was counted in 10 to 20 randomly chosen rmcroscope fields of 100 X 100 pm size (at 1 0 0 0~ magnification) using a Zeiss Axioplan epifluorescence microscope (average of 230 cells per filter counted). Cells in division, those having a complete cross wall between them, were also counted. The frequency of cells in division (FDC) was determined by dividing the number of cells undergoing division by the total number of cells counted. Cell sizes of between 20 and 30 cells per filter were also measured uslng a video camera attached to the microscope, with a calibrated TV screen (0.2 pm = 1 mm on the TV screen), and cell volume was computed by approximat~on based on the coccoid shape of Synechococcus cells. Synechococcus biovolume was calculated as the product of abundance or cell density and average cell volume.
Growth experiments were conducted throughout the second year of the study, starting in February 1996 when the temperature was 13°C and repeated as sea surface temperature changed by approximately 2°C. The experiments ended in January 1997 when temperature was lowest at 11°C. Growth experiments were conducted in duplicate according to the procedure described by Agawin & Agusti (1997) , modified from that of Affronti & Marshal1 (1994) . For each growth experiment, a 6 l surface water sample was collected by grab sampling and half of it was filtered through Whatrnan GF/F filters. The natural seawater sample was diluted with the filtered seawater to reduce grazing pressure and nutrient limitation during the incubation (Affronti & Marshall 1994) . The mixture was dispensed into two 4 1 glass jars and incubated in a chamber set at 100 pE m-' S-', sufficient to saturate growth (Morris & Glover 1981 , Barlow & Alberte 1985 , Moore et al. 1995 , with the photoperiod and temperature adjusted to those in the Bay. A subsample of between 25 and 80 m1 was taken from each duplicated incubation jar and fixed immediately with glutaraldehyde (1 % final concentration) every 2 h for 24 h. Filtration, determination of abundance and frequency of dividing cells were done as described above. Growth rates were calculated from the slope of the regression of the natural logarithm of abundance versus time durlng the growth phase, where the growth phase was determi.ned graphically as the period of increase in cell numbers (Agawin & Agusti 1997) . Growth rates in units h-' were translated to units d-l by multiplying them by the duration of the growth period, which averaged 5.6 h (range: 3 to 10 h), as determined empirically over the 24 h experiments.
Parametric correlation and regression analyses between parameters (abundance, FDC, growth and temperature) were done when the data followed bivariate normal distribution (tested using the KolmogorovSmirnov test; Sokal & Rohlf 1981), otherwise a nonparametric Spearman correlat~on was used.
Gross and net production rates and loss rates of Synechococcus at time t were calculated as:
where B i o m a~s , -~ = biomass in pg C 1-' in the previous sampling, Biomass, = biomass in pg C 1-l at time t, and g = growth rate of Synechococcus at time t interpolated from the linear regression equation between in situ temperature and experimental growth rates.
Loss rate (in pg C 1-' d-') = PgroSs -P,,,,
The biovolume and production of Synechococcus were compared to the total biovolume and gross production of the autotrophic community in Blanes Bay, determined on a parallel sampling programme (for the method of biovolume determination of phytoplankton other than Synechococcus, and determination of gross production, see Mura et al. 1996a and Satta et al. 1996, respectively) . The Synechococcus production in biovolume was transformed to C-based production assuming a carbon content of 0.123 pg C pm-3 (Waterbury et al. 1986) , and the gross production of the whole autotrophic community, based on O2 evolution rates, was transformed to C using a photosynthetic quotient of 1.2.
RESULTS AND DISCUSSION
The abundance of Synechococcus in the Bay of Blanes showed a clear seasonal pattern, with minimum abundance during winter (about 5 X 105 cells I-'), increasing in spring, and peaking during summer (7 X 107 and 5 x 10' cells 1- 1996, respectively; Fig. 1A) . Synechococcus cells tended to be larger in winter (1995) and smaller during the 2 summers Fig. TB) , but the biovolume of Synechococcus followed the same seasonal pattern described for their abundance (Fig. 1 C) .
The distinct seasonal pattern of Synechococcus abundance may be a consequence of changes in population growth rates since the frequency of cells in division (FDC) tended to have peak values in late spring, preceding the occurrence of peak abundances of cells in summer (Fig. ID) . In most of our growth incubation experiments, FDC of Synechococcus followed the same diel periodicity of maximum FDC in the morning (from 08:OO to 14:00 h). The weekly samples were taken during this period, which suggests that the variability of FDC observed with time reflects a general seasonal pattern and was not influenced by variability of sampling and diel periodicity. The FDC ranged from virtually zero in winter to 20% of the population in late spring, and was well correlated with cell abundance (r = 0.64, Spearman correlation). This indicates that the temporal variation of abundance reflects variation in gross growth rates, which should be associated to differences in the FDC (McDuff & Chisholm 1982) . Both abundance and the FDC of Synechococcus cells increased as the waters warmed up (r = 0.76 and r = 0.42, respectively, Spearman correlation; Fig. lA, D) , suggesting that the observed seasonality may reflect a strong correlation between Synechococcus growth rate and in situ temperature.
Growth rates dlffered greatly along the year, being highest (1.5 d-') in summer and lowest (0.2 d-l) in winter ( Fig. 2A) . There was, as suggested by the examination of the FDC, a strong, positive relationship between growth rate and temperature (r = 0.87, p < 0.005; Fig. 2B ), which accounted for 88% of the variance in growth rate observed along the year. The relationship was best described by the regression equation:
The strong seasonality in the growth and abundance of Synechococcus reported here was reflected in the variation of the relative contribution of Synechococcus to total phytoplankton biovolume. Synechococcus contributed only 0.6% of the autotrophic biovolume in winter, when it was least abundant and when total phytoplankton biomass was relatively high, and comprised >20 % of the autotrophic biovolume in summer (Fig. 3A) , when it was most abundant and autotrophic biomass was relatively low. Together with small autotrophic phytoplankton (mostly small flagellates) between 2 and 5 pm, Synechococcus dominates the phytoplankton communities in summer. Hence, there is a seasonal shift from communities dominated by diatoms (Chaetoceros, Thalassiosira, Nitzschia) in winter (Mura et al. 1996a ) to communities dominated by smaller autotrophs in summer.
The decline of biomass of the larger phytoplankton from high values in winter to low values in summer may be due to increased grazing pressure (Mura et al. 1996b) as the biomass of zooplankton consumers (e.g. copepod nauplii and cnidaria) is greatest in summer (Andreu & Duarte 1996) . Alternatively, it could be associated to nutrient limitation derived from the depletion of dissolved inorganic nutrients in summer. The observed importance of Synechococcus in summer, when the concentration of nutrients is lowest, supports the suggestion that by virtue of their small size they are more efficient in nutrient acquisition in oligotrophic environments than larger cells (Raven 1986 ). The close relationship between picocyanobacterial (Synechococcus) growth rate and temperature observed in Blanes Bay may differ for other species and systems. We tested the generality of the relationship between Synechococcus growth rate and temperature by searching the literature for field data on picocyanobacteria, mostly Synechococcus, growth from cold temperate oceans to tropical ones (Fig. 4) . The reports obtained encompassed a wide temperature range from 0 . 5 " C encountered in Long Island Sound, USA (Carpenter & Campbell 1988 ) to 25°C in the North Pacific Ocean (Iturriaga & Mitchell 1986 ) and growth rates ranging from 0 to 2.3 d-'. We have also included data from laboratory studies using different strains of Synechococcus sp. in the range of temperature en- Fig. 3 . Seasonal vanation of percent Sjmechococcus sp. contribution to (A) total phytoplankton biovolume in Blanes Bay from January 1995 to December 1996 and (B) total phytoplankton production (derived from O2 evolution rates) in Blanes Bay from January 1995 to November 1996. The 0,-based gross production was transformed to C using a photosynthehc quotient of 1.2. Bars represent standard error for each month The analysis of these data supported the existence of a significant correlation between seawater temperature and picocyanobacteria growth (r = 0.46, p < 0.00001; Fig. 4 ) . The expected growth rate of plcocyanobacteria at a particular temperature was described by regressing the mean growth rate within 3°C bins against the mean temperature. The regression equation obtained:
indicates a rate of change in picocyanobacteria growth with increasing temperature somewhat lower than that obtained in Blanes Bay (0.0270 + 0.005 vs 0.094 t 0.014, t-test, p < 0.05). Synechococcus growth rate in Blanes Bay is near the average potential. rate of that predicted by Eq. (2) from in situ temperature during writer (at the lowest range of temperature) and is near the upper 95% confidence limit of the predicted growth rate durlng summer (Fig. 4) . This observation suggests that in winter, Synechococcus growth 1s at its average potential rate, while Synechococcus grows at a near maximal rate (i.e. close to the upper 95% c.1. of the predicted growth rate from temperature) in summer in the Bay, when temperature and irradiance are high and nutrient concentratlons are low. Whatever the physiological basis of the correlation between cyanobacterial growth and temperature, stralns of freshwater Synechococcus have been reported to achieve optimal growth at a temperature of about 53"C, reaching maximum growth rates of 6.9 d-' (Philips & Mitsui 1982) . The observation that maximum growth is reached at such high temperatures is consistent with the linear Increase in growth of marine Synechoccocus with increasing temperature, observed in nature. The gross production (and subsequent calculation of losses) estimated here, based on the growth rates of 50% dilution experiments, could be underestimated because, at 50% dilution, grazer activity may not be significantly reduced. However, the estimated gross growth rates were within the growth rates found in the hterature (Fig. 4) . Moreover, during summer, the growth rates found were close to the maximal growth rates found in the literature (Fig. 4) and the gross production values of Synechococcus in the Bay of Blanes were within the range of those reported for oligotrophic environments (Stockner & Antia 1986 , MagazzG & Decenibrini 1995 , giving us confidence in our estimates. Gross production showed a seasonal trend from very low values in winter (0.01 1-19 C 1-' d-') to relatively high values in summer (16 pg C l ' d-'; Fig. 5A ). The comparison of Synechococcu~'production with concurrent estimates of gross production of the autotrophic community (from O2 evolution; Agusti unpubl. data) showed that Synechococcus contributed a major percentage of the summer production ( Fig. 3B ) even when considering that the production estimates derived for Synechococcus underestimate their gross production, since the C respired or exudated is not included here, but is included in the 02-based community gross production. The production of Synechococcus appears to be completely removed by loss processes during winter but is not completely consunied during summer, resulting in a sizeable maximum net production of up to 0.3 pg C 1-' d-' (Fig. 5A,  B) . However, net production drastically declines in autumn (after the summer peak), suggesting heavy grazing by pro- M~~~ et al. 199613) gross production and loss rates, the lines are not distinguishable from each other), while lines in (B) go through individual data points. The production in and bacteria
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biovolume was transformed to C-based production using a conversion factor of this Bay, but consistent with the obser-0.123 pg pm-3 (Waterbury et al. 1986) vation that losses are very high in the Bay of Blanes (Mura et al. 1996b ). The losses of Synechococcus in the open NW MediterThe signdicant contribution of Synechococcus to total ranean have been found to be largely attributable to phytoplankton biomass and production during summer grazing (Agawin & Agusti 1997) . Losses were, howin the studied coastal Mediterranean system indicates ever, insufficient to remove all of the high C production that they are an important source of organic C and in summer, allowing the proliferation of the Synenutrients to the planktonic food web. Heterotrophic chococcus population in summer. Losses and growth flagellates (Johnson et al. 1982) have been reported to were, however, in a quasi perfect balance (r = 0.99) directly utilize and assimilate Synechococcus, and thus when averaged over a few weeks (Fig. 5A) , so that altransfer picocyanobacteria to nano-sized (2 to 20 pm) though coupling between losses and gains may be plankton (Stockner & Antia 1986) . Synechococcus is weak at short (1 wk) time intervals, it is very strong at suggested to be an important carbon source for ~ ~ monthly intervals. This is in agreement with the strong heterotrophic nanoflagellates in the Bay of Blanes, as top-down control experienced by microphytoplankton evidenced by a positive significant relationship becommunities (Mura et al. 1996a ) and bacterioplankton tween Synechococcus and heterotrophic nanoflagellate (del Giorgio et al. 1996) in the Bay of Blanes.
abundance (Vazquez et al. unpubl.) . Our results sug-gest, therefore, that Synechococcus is an important component of the planktonic food web in summer. In summary, the results presented confirm the existence of a general positive relationship between temperature and Synechococcus sp. growth rate. This link leads to a strong seasonality of abundance and biomass of Synechococcus sp. in the NW Mediterranean littoral, with high values in summer months and low values in winter. The growth rate achieved in summer months is close to or at the maximum possible at the in situ water temperature. As a result, Synechococcus growth exceeds the grazing capacity of its predators over short periods of time in summer, and results in its significant contribution to total autotrophic biomass and production. Hence, Synechococcr~s is suggested to be an important autochthonous source of organic C and nutrients for the coastal Mediterranean food web in summer.
